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Abstract Colloidal nanoparticles (NPs) can be deposited
uniformly on flat or rough and uneven substrate surfaces
employing a standard centrifuge and common solvents.
This method is suitable for depositing different types of
nanoparticles on a variety of substrates including glass,
silicon wafer, aluminum foil, copper sheet, polymer film,
plastic, and paper, etc. The thickness of the films can be
controlled by the amount of the colloidal nanoparticle
solution used in the preparation. The method offers a fast
and simple procedure compared to other currently known
nanoparticle deposition techniques for studying the optical
properties of nanoparticle films.
Keywords Centrifuge  Films  Simple and fast 
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Introduction
Semiconductor quantum dots (QDs) are attracting much
attention recently due to their size-tunable properties and
their wide range of potential applications such as light-
emitting diodes (Colvin et al. 1994; Tessler et al. 2002),
biological labeling (Bruchez et al. 1998; Michalet et al.
2005), sensors (Zhang et al. 2005), and solar cells (Huynh
et al. 2002). For example, lead sulfide (PbS) QDs absorb
and emit light in the near-infrared (NIR) region, which
makes them potentially important for telecommunication
(Bakueva et al. 2004) and biotechnology applications
(Medintz et al. 2005). Methods to deposit nanoparticles
(NPs) on a variety of platforms are a key part of the
technology development. Current procedures of depositing
nanoparticles on solid surfaces include chemical vapor
deposition (CVD) (Okada 2007), physical vapor deposi-
tion (PVD) (Kong et al. 2001), sputtering (Brodsky et al.
1977), lithography (Chou et al. 1997), spin coating (Chang
et al. 2004), pulsed-laser deposition (PLD) (Aziz 2008),
and supercritical fluid CO2 (sc-CO2) deposition (Smetana
et al. 2008; Wang et al. 2010). Most nanoparticle depo-
sition techniques require specific equipment and a high
level of technical expertise. For example, vapor deposition
techniques require high-temperature and vacuum cham-
bers. Spin coating requires highly concentrated nanopar-
ticle solutions and a viscous polymer matrix. A vacuum
chamber is required in the sputtering coating process.
Layer-by-layer (LBL) deposition uses alternating layers of
charged particles and a charged substrate (Decher et al.
1998). An in-depth and comprehensive knowledge of
chemical processes is required for completing the LBL
process. A high-power pulsed-laser beam, in pulsed-laser
deposition, is focused inside a vacuum chamber to strike a
target of the material that is to be vaporized and deposited
as a thin film on a substrate. This process requires an
ultra-high vacuum or presence of a background gas (Aziz
2008). The supercritical CO2 deposition method enables
filling nanostructures of substrates with nanoparticles
(Smetana et al. 2008; Wang et al. 2010; Ye et al. 2003)
but involves operations at high pressure with specialized
equipment and knowledge.
South et al. (South et al. 2009) fabricated microgels
(water-soluble polymer cross-linked into a contiguous
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network)-based films using centrifuge deposition method.
Ahmadi et al. (2013) used a stable suspension containing
carbon nanotubes and polymethylmethacrylate (PMMA)
(PMMA/carbon weight ratio = 0.05:1) in cyclohexane
solution to centrifuge and to form a smooth high-density
carbon layer on the surface of graphite sample. Centrifuge
deposition method has been used and reported previously
for making a thin film. However, little has been explored in
using centrifuge deposition for nanoparticle film formation.
In this study, a facile and swift nanoparticle deposition
method is described which utilizes only a standard centri-
fuge instrument and common solvents for the fabrication of
nanoparticle films. This centrifuge deposition method
(CDM) is a very simple and efficient process that can be
applied to a wide variety of substrates and different
nanoparticles. It allows good coverage and thickness con-
trol of the nanoparticle films and layer-by-layer deposition
of different nanoparticles in a very simple manner. This
method also shows that the deposition can take place on
flexible or rough surfaces, not limited to flat surfaces, such
as flexible plastic, aluminum foil, copper sheet, etc. Gold
(Au) and lead sulfide (PbS) NPs were arbitrarily selected
for this study. Optical properties of Au and PbS NP films
formed by this method are presented to demonstrate




Different substrates were chosen for the deposition of
Au and PbS NPs, which included rigid, flexible, flat,
rough, conductive, and insulating materials. The sizes
of substrates usually were tailored to 5 9 5 mm2. The
materials used in this study include a plastic sheet
[polyethylene terephthalate (PET)], aluminum foil,
copper sheet, copper grid, flexible black or white plastic
[6 lm, high-density polyethylene (HDPE)], glass slide,
paper, and silicon. Figure 1 shows some representative
substrates used in this study with and without PbS NP
coating. Transmission electron microscope (TEM)
images were obtained from TEM Cu grids which were
prepared with these substrates under the same experi-
mental conditions and deposited with Au, or PbS NPs.
Scanning electron microscope (SEM) images of the Au
and PbS NPs deposited on these substrates were also
obtained. However, in this study, our emphasis is
focused on the exploration of CDM method using Au
and PbS NPs.
Preparation of Au and PbS nanoparticles
Au nanoparticles
Hydrogen tetrachloroaurate(III) trihydrate (99.99 %),
NaCNBH3 (95 %), hexanes, toluene, and sodium bis(2-
ethylhexyl)sulfosuccinate (AOT, 98 %) were purchased
from Aldrich and used as received.
Gold NPs were prepared by the reduction of gold ions
suspended in AOT water-in-hexane microemulsions. Sep-
arate metal ion and reducing agent solutions were prepared
by dissolving 0.0178 g of AOT in 2 mL of hexane and
adding an aqueous solution of 7.2 lL (water/surfactant
ratio, W = 10) of either the 0.4 M Au3? gold ion or the
1.2 M NaCNBH3 reducing agent. The W value was
manipulated by the amount of aqueous solution added.
These micellar solutions were stirred for 1 h before
reduction to equilibrate the reagents to the reaction tem-
perature. The reaction was carried out at the ambient
temperature. The microemulsion containing the reducing
agent was added dropwise over a time span of 60 s to the
gold ion-containing microemulsion under vigorous stirring.
Dodecanethiol (70 lL) was added to the reaction imme-
diately after all of the reducing agents had been added to
the solution. This solution was then allowed to stir at the
reaction temperature for another hour. After this time, the
gold particles were precipitated by adding a mixture of
6 mL of ethanol and 4 mL of methanol, followed by cen-
trifugation. The supernatant was discarded, and the
remaining particles were washed two more times with
5 mL of ethanol to remove AOT, spectator ions, and excess
dodecanethiol. Multiple sets of the particle samples were
combined, re-suspended in 1 mL of toluene or hexane, and
the final concentration was approximately 0.005 M. All
procedures were conducted on the bench-top without the
PbS sample
Blank glass








Fig. 1 PbS NPs deposited by the centrifuge method on different
substrates. Left: blank substrates and right: PbS NPs deposited on
a aluminum foil, b paper, c plastic sheet, and d glass
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need for inert environments. Detailed procedure can be
found in the literature (Smetana et al. 2007).
PbS nanoparticles
Hexane, toluene, octadecene (ODE), bis(trimethyl-
silyl)sulfide (TMS), oleic acid (OA), ethanol, and methanol
were purchased from Aldrich and used as received.
Oleic acid-capped PbS nanoparticles were prepared, in
principle, in a similar manner to Hines and Scholes (2003)
but with some modifications. 0.25 mL (0.8 9 10-3 mol)
oleic acid, 0.09 g PbO (0.4 9 10-3 mol), and 42 lL of
TMS (0.2 9 10-3 mol) were used at a molar ratio of 4:2:1.
PbO (0.09 g), ODE (3.9 mL), and OA (0.25 mL) were
added in a 3-neck reaction flask, in vigorous stirring, under
a flow of continuous argon (Ar) gas at 150 C for 1 h. After
1 h, TMS (42 lL) dissolved in 2 mL of ODE was quickly
injected at 150 C into the reaction flask, while the mag-
netic stirrer was vigorously working and Ar gas was con-
tinuously passed through. The solution color changed from
colorless to dark brown immediately. The heating source
was removed and the temperature reduced to 100–120 C.
The temperature of the system was kept at this temperature
range and the stirring continued under Ar gas for another
hour.
The sample was washed with absolute 200 proof ethanol
for 3–4 times and methanol for 1 time using a 8 mL glass
vial until the dark brown lower organic phase disappeared,
and black PbS QDs were completely precipitated. The
nanoparticles were dried with a stream of N2 and then
dissolved in toluene. The concentrations of PbS NP solu-
tions varied from 2 mg mL-1 to 10 mg mL-1 for the
particle sizes of 2.2, 2.7, 3.1, 4.8, and 14.4 nm.
Centrifuge deposition method
The centrifuge instrument was manufactured by Thermo
Electron Corporation (model: IEC Centra CL2). A general
procedure for depositing different colloidal nanoparticle
samples using the centrifugation approach is described
below. The amount of Au NPs used was calculated based
on the amount desired for a specific deposition. In this
study, 625 lL of Au NP solution (*0.005 M) in hexane
was mixed with 5 mL of absolute ethanol. The desired
substrate was placed in the bottom of a vial. The vial was
then placed in a standard centrifuge with swinging basket
and spun for 8 min at 3,400 rpm (Fig. 2). Before CDM, the
sample was sonicated for a half min making sure the
nanoparticles were dispersed well in hexane and methanol
(or ethanol) mixed solutions. After centrifugation, the
colorless supernatant was pipetted out and the substrate
with the deposited Au NPs was then removed and allowed
to air dry for future measurements.
A procedure was also developed for depositing PbS
NPs. The deposition method used is similar to the Au NP
deposition described in the previous paragraph. 20 lL of
PbS (depending on the concentration synthesized) plus
50 lL of toluene were added to prevent premature pre-
cipitation, which otherwise leads to uneven coverage. One
mL of methanol was then added to make the particles less
soluble in the solution. The vial was then placed in a
centrifuge tube and spun, in which it deposited the par-
ticles on a substrate placed on the bottom of the vial. The
time for the centrifuge was set at 8 min. Using a standard
laboratory centrifuge sedimentation at 3,400 rpm which
produces approximately 1,950 G, the deposition of 4.8 nm
PbS NPs is complete but the 2.7 nm PbS NPs or 2.2 nm
Au was only partially removed from the solution. An
ultra-centrifuge at 10,000 rpm producing over 15,000 G
was utilized for the deposition of the 2.7 nm PbS or
2.2 nm Au NPs.
For the deposition on the PET substrate, PbS NPs in
toluene, with oleic acid as a capping reagent, were used.
12.5 mL of the PbS nanoparticle solution (4.7 nm,
40 mg mL-1) was added to 5 mL ethanol in a 8 mL
sample vial with the PET substrate. The deposition of the
particles was accomplished by centrifuge sedimentation at
3,400 rpm (G = 1,950) for 8 min. After this, the PbS NP-
coated film was obtained by removing the solution. Thus,
we can directly employ PET as a carrying substrate for the
PbS NP deposition.
Deposition process
Reaction to the centripetal force
Substrate
(a) (b)
Fig. 2 Top schematic diagram to illustrate the centrifuge deposition
process. Bottom a the vials used for the CDM procedure, b centrifuge
instrument used in this study




Carbon-coated copper grids purchased from Ted Pella were
used to prepare samples for particle size determination
from TEM images. The TEM samples were prepared with
CDM. A Phillips CM 200 LaB6 (lanthanum hexaboride
cathode) transmission electron microscope operating at
200 kV was used for both low-and high-resolution imag-
ing. The average size of the PbS NPs was obtained from the
TEM images by measuring at least 300 particles using the
ImageJ software.
SEM analysis
Scanning electron microscope images were collected with
a Sirion instrument manufactured by FEI, Inc. The fol-
lowing parameters were used for the SEM field emission
gun (FEG): an accelerating voltage of 10 kV, a spot size of
3.0, and a working distance of *4.5 mm.
To define the boundary of PbS layer when measuring the
QD layer cross-section, SEM glue (Kleindiek NanoTech-
nik, SEM GLU) was injected onto a corner of the Si sub-
strate, a small amount of which was then transferred onto
the top layer of Au or PbS NPs . NOVA SEM (FEI NOVA
NanoLab 600 FIB) instrument was employed for this
injection. In this process, the SEM glue penetrated into the
top layer of QDs to make the QD layer stiff. For some
samples, a chemical vapor deposition platinum cap was
also used to protect the QDs. The sample surfaces were
milled using a FEI StrataDB235 focused ion beam (FIB)
with a 30 keV Ga, to produce a few micrometers deep
cross-section, which includes the protection layer, nano-
particle layer, and Si surface. Furthermore, a FEI Sirion
SEM instrument in conjunction with a back-scattering
electron (BSE) detector was used, in which it offers a better
definition and contrast between the Au and PbS NP layers.
BSE images are very helpful for obtaining high-resolution
compositional maps of a sample and for quickly distin-
guishing different phases. During the measurement of the
cross-section of the films, dynamic focus and tilt correction
were applied and specimen tilt was set at 45. An ultra
high-resolution (UHR) mode was turned off due to a far-
away working distance (WD = 7.5 mm) between the
sample and the pole piece of SEM instrument, in which the
sample was set at 45. The magnifications used in SEM
images were 20,0009. Because UHR mode was off and
magnification was not high enough, nanoparticles could not
be observed in detail (Figs. 5, 8).
Surface profilometry, UV–visible, fluorescence,
and photoluminescence spectroscopy analyses
The film thickness was also measured with a DekTak 6 M
Stylus Profiler instrument. The scan length was 2,500 lm.
UV–Vis–NIR spectra of PbS NPs were obtained using a
Cary 5000 Varian UV–Vis–NIR spectrophotometer scan-
ning from 400 to 1,600 nm. Fluorescence spectra were
measured with a Horiba Jobin-Yvon Nanolog 916B spec-
trometer equipped with an IGA 512 InGaAs near-IR
detector. The photoluminescence (PL) optical excitation of
about 30 W/cm2 was provided by the 532 nm continuous
wave (CW) emission of a solid-state laser. The PL was
measured by a double modulation Fourier transform
infrared spectroscopy (FTIR) technique.
Fig. 3 TEM images of Au NPs (2.2 ± 0.37 nm) deposited on carbon-coated Cu grids by CDM. a monolayer and b multilayer
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Results and discussion
Deposition of Au and PbS NPs using CDM method
Gold and PbS NPs can be homogeneously deposited on a
TEM carbon-coated copper grid using the CDM method.
The films show similar tightly packed particle arrange-
ments as those prepared by the supercritical fluid CO2 (sc-
CO2) deposition method (Smetana et al. 2008; Wang et al.
2010). As described by previous studies (Smetana et al.
2008; Wang et al. 2010), sc-CO2 deposition requires a
high-pressure chamber, specific skill, and a time-consum-
ing process. It will take more than 3 h to complete the
deposition if a volume of a 14 cm3 high-pressure chamber
was used. The results in Fig. 3 demonstrate that similar
outcomes from the CDM method could be achieved as in
sc-CO2 deposition, but with a much faster and simpler
procedure.
Figure 3 shows the TEM images of Au NPs (2.2 nm)
deposited by CDM on carbon-coated copper grids with
monolayer (Fig. 3a) and multilayer (Fig. 3b) arrangements.
The thickness of the film can be varied by changing the
concentrations or the volume of the nanoparticle solution.
The surface morphology of these films is comparable to the
PbS QD arrays achieved by a sc-CO2 fluid deposition
process (Smetana et al. 2008; Wang et al. 2010) including
those reported on a GaAs substrate (Ullrich et al. 2010). In
general, the images of the Au and PbS NP films deposited
by the CDM procedure reveal fairly homogenous coverage
on different substrates.
The deposition of mixed solutions of two different types,
or different sizes, of nanoparticles using the CDM method
was also studied. One experiment was the deposition of a
mixture of small Au NPs (2.2 nm) and large PbS NPs
(14.4 nm, in a low concentration) on copper grids by the
CDM method. A similar experiment, i.e., a mixture of
small PbS NPs (3.1 nm) and large PbS NPs (14.4 nm, in a
low concentration) deposited on Cu grids, was also carried
out by this method. Similar outcomes, revealed by TEM
images, were observed for the above two experiments. The
TEM image shows an even surface coverage by the Au or
small PbS (3.1 nm) nanoparticle layer. The larger PbS NPs
do not seem to cluster together but to be randomly dis-
persed among the Au or PbS (3.1 nm) nanoparticle layer.
When Au or PbS NPs were deposited individually using
CDM at a low concentration, the majority was in close
proximity over large areas but there were some scattered
void areas. When the concentration of nanoparticles was
increased, the substrates showed fairly even coverage after
deposition. When the films were deposited using a mixture
of two different-sized nanoparticles, it was not known if the
large particles would deposit first due to their larger mass
being more affected by the reaction to the centripetal force.
The TEM image showing the larger particles (PbS,
14.4 nm) dispersion within the smaller particles (Au,
2.2 nm, or PbS, 3.1 nm) suggests that this may not be the
case (Fig. 4a). Figure 4b shows a TEM image of a mixture
of 2.7 and 4.8 nm PbS NPs. For the mixed nanoparticles, as
with Au and PbS NPs, or two different-sized PbS NPs,
50 lL of toluene was added to the PbS sample first before
adding the second compound. Five mL of ethanol was then
added to the particle mixture before centrifugation. This
procedure seems to result in random distribution of both
components in the film.
Fig. 4 a TEM image of PbS NPs (14.4 nm) and Au NPs (2.2 nm) mixed and then deposited, showing the dispersion of the large particles within
the smaller particles. b TEM image of PbS deposited on a TEM grid using CDM method showing a mixture of 2.7 and 4.8 nm of PbS NPs
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To demonstrate the fabrication of double-layer films on
a solid surface, a single layer of Au NPs was deposited on a
piece of silicon, and the remaining liquid was then
removed. The sample was left to dry overnight. After-
wards, the second solution containing PbS NPs was added
and the CDM procedure was repeated to make the second
layer. Figure 5 shows cross-sections of SEM images of a
single Au NP layer (*400 nm) deposited by CDM
(Fig. 5a), and a double-layer film (Fig. 5b) made with a
PbS NP layer (4.7 nm, thickness of *500 nm) deposited
on the top of the Au NP layer (2.2 nm, thickness of
*430 nm) applying the CDM procedure. The back-scat-
tering electron detector shows the SEM image with distinct
contrast between the two layers (Fig. 5).
Control of film coverage at low population of nanopar-
ticles was demonstrated by TEM images. Figure 6 shows
when the volume of Au NP added increases, the coverage
or the thickness of the Au NP in the CDM process can be
increased as well. As shown in Fig. 6a, when 10 lL of Au
NP was used, the films (on TEM grids) showed randomly
scattered islands. When 40 lL (Fig. 6b) and 80 lL
(Fig. 6c) Au NPs were added separately in CDM, relatively
dense (Fig. 6b) and monolayer (Fig. 6c) distributions could
be observed. When more Au NPs, for example, 200 lL
(Fig. 6d) was added in CDM, thick films can be formed.
However, the multilayer creates a hindrance for clear
observation of nanoparticles from TEM. For the image in
Fig. 6d, when 200 lL NP solution was added, an area at
the edge of uniform coverage was selected where the voids
allow the film thickness to be imaged. Nevertheless, the
process of the film formation by CDM with increasing
amount of the Au NPs is clearly illustrated in Fig. 6.
Film thickness measurements
The film thickness was measured with a DekTak 6 M
Stylus Profiler instrument as well. Figure 7 shows the
thickness measurements of the Au NP films. The scan
length was 2500 lm. The film thickness [average scan
height (ASH)] of Au NP on Si substrate is 2.02 KA˚
(202 nm, Fig. 7a), 5.10 KA˚ (510 nm, Fig. 7b), and
10.32 KA˚ (1,032 nm, Fig. 7c) for films a, b and c,
respectively. The volumes of the Au NP solution used in
films a, b and c were 20, 200 and 400 lL, respectively,
corresponding to the ratio of 1:10:20. Based upon the
thickness data, the thickness ratio for films b and c is
quite proportional to the relative amounts of the Au NP
solution added, i.e., when the volume increases by a
factor of 2 (from 200 to 400 lL), the film thickness
doubles from 510 nm to 1,032 nm. However, from 20 to
200 lL, the film thickness acquired is not proportional to
the Au NP solution added. This is likely due to the fact
that the population of the NPs is not high enough to
cover the substrate surface and only island-like struc-
tures are formed. Only when the population of the Au
nanoparticles is high enough to form at least a monolayer
film, then the thickness of the film is proportional to the
volume of NP added. The average scan height is between
200 and 1,000 nm, whereas the scan length is 2,500 lm
(2.5 mm). It provides sufficient information for mea-
suring the layer thickness. The reaction to the centripetal
force allows a random and even scattering deposition on
the substrates. If the scan height measured was
1,000 nm, the ratio of the scan length to array scan
height will be a factor of 2,500.
Fig. 5 SEM images of a a cross-section of a single Au layer film, the
thickness is *400 nm, b a cross-section of a double-layer film, the
thickness of Au layer (bottom) is about 430 nm, and PbS layer (top) is
about 500 nm. The green lines shown on the cross-section in SEM
images are measuring bars
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To check the consistency of film thickness, the cross-
sections of the Au film were also measured by SEM as
shown in Fig. 8. Au NP volume ratios used for making
these films are 1:10:20. The average cross-section thick-
nesses of the Au films measured with the Sirion SEM
instrument displayed in Fig. 8a–c were 157, 404, and
804 nm, corresponding to the Au NP solution ratios of
20 lL:200 lL:400 lL, respectively. The thickness out-
comes in relative values are consistent with the results
obtained from DekTak 6 M Stylus Profiler instrument.
In previous works combining PET and PbS NPs, the PbS
NPs were either embedded in polymers or the PET was
used as a carrier for Fano filters containing PbS NPs
(Binder et al. 2006, 2009), which is much more tedious
than this simple centrifuge sedimentation method. The
adhesion between NPs and substrate was tested by different
methods. All the nanoparticles adhered firmly to the sub-
strates, albeit with different strengths. The nanoparticle
films formed in this way did not peel off during bending,
mechanical abrasion, and exposure to solvents. When
deposited on a flexible substrate like plastic sheet, we
simply bent the plastic by hand and the films did not visibly
flake off or crack. The PbS NPs deposited on PET sheet
could not be removed by Scotch tape. On the other hand,
the PbS NPs deposited on glass could be removed some-
what using Scotch tape. However, when a layer of Au NPs
was first applied on the glass, the PbS NP layer on top was
not readily removed. When the metal nanoparticles were
deposited on silicon wafers, there was also no noticeable
removal of the Au NPs when the tape was peeled off from
the wafer. The nanoparticles also cannot be removed from
the wafer when exposed to solvents such as acetone and
ethanol. We do not know the bonding specifics between the
nanoparticles and PET, but nanoparticles can bind to
polymeric surfaces through van der Waals forces (Min
et al. 2008), hydrogen bonding (Binder et al. 2006), elec-
trostatic linkage (Kinge et al. 2008), and covalent bonding
(Li et al. 2010). Furthermore, ligand-stabilized
Fig. 6 TEM images of a 10 lL, b 40 lL, c 80 lL, and d 200 lL Au NPs added in CDM processes
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nanoparticles are able to bond to specific sites on mono-
mers (Haryono and Binder 2006).
Spectroscopy studies
Photoluminescence studies of PbS/PET
For the PL experiments, the optical excitation of about
30 W/cm2 was provided by the 532 nm continuous wave
(cw) emission of a solid-state laser. The PL was measured
by a double modulation Fourier transform infrared spec-
troscopy (FTIR) technique. The double modulation
technique was necessary due to the rather weak PL signal
of the sample at room temperature. The PL spectra were
recorded using a nitrogen cooled InGaAs detector and a
quartz beamsplitter in the Bomem DA3 FTIR from 5 K
up to 300 K using a closed-cycle refrigeration cryostat
with a diamond window. Figure 9 shows the PL spectra
of PbS/PET deposited using CDM measured at 5 K and
300 K. The broken line represents the measured PL
intensity (I) as a function of the emitted photon energy
(hm) and the solid line fits using the Gaussian intensity
distribution,
I hmð Þ ¼ A  exp  hm  hmp
 2
= 2w2
























































Si substrate     Film a (20 µL)  Film b (200 µL)      Film c (400 µL)  
(a) (b) (c)
Fig. 7 Thickness
measurements of Au NP films
on silicon surface (5 9 5 mm2).
The scan length was 2,500 lm.
The plots on the top are the
thickness [average scan height
(ASH)] measurements and the
measurements of a 202 nm,
b 510 nm, and c 1,032 nm from
the top correspond to films a, b,
and c in the images, respectively
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where A is the peak height, hmp is the center energy of the
PL peak, and w defines the peak width parameter, which is
related to the full-width at half maximum (FWHM) by
FWHM = 2.35 9 w. The peak intensity at 5 K is signifi-
cantly enhanced, while the PL emission is weaker at
300 K, as expected, the decrease is less than an order of
magnitude. The 61 nm (40 meV) PL peak shift from 5 to
300 K in PbS QDs/PET sample observed (Fig. 9a, b) is
comparable to the 42 nm (30 meV) shift in the PbS/glass
absorption peak (Ullrich et al. 2012). We also noticed that
the PbS/PET data of PL peak position (eV) versus tem-
perature (K) are more scattered than other fits reported
previously (Ullrich et al. 2011). Therefore, it is possible
that colloidal PbS QDs on PET substrates deposited by
CDM are subject to photo-induced changes under laser
irradiation more than PbS QDs on inert substrates such as
glass, suggesting the established bonding linkage at the
PET surface was built-up during CDM deposition.
Fluorescence measurements
Fluorescence spectroscopy was used to characterize the
film and solution samples. A fluorescence spectrum of a
PbS nanoparticle solution before deposition was measured.
The spectrum shows a substantial emission peak around
1350 nm. Following deposition of PbS on glass by the
CDM method, another spectrum of the centrifuged solution
in the vial was taken to determine the concentration of the
PbS NPs left in the solution (Fig. 10). As shown in Fig. 10,
there is virtually no fluorescence feature for the solution
Fig. 8 SEM of Au layer cross-section, Au NP volume ratios added are 1:10:20. SEM magnifications are all 920,000. Cross-sections in a–c are





















































Fig. 9 The PL intensity a vs. wavelength and b vs. energyof PbS/
PET deposited using CDM. The broken lines represent the measured
PL intensity and solid lines represent the fits using Eq. (1)
Fig. 10 Fluorescence of a PbS nanoparticle solution before and after
CDM
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after the deposition indicating that essentially all PbS NPs
are removed from the solution using the CDM method.
When the concentration of PbS NPs in solution is
increased, the amount of particles deposited on the surface
of the sample, after the CDM process, also increases. This
increase in PbS NPs deposited on the PET substrate leads
to a visually darker sample (Fig. 11a) and the expected
increase in fluorescence intensities (Fig. 11b). At a film
density of about 0.016 mg cm-2 or greater, the fluores-
cence intensity ceases to increase indicating that this is the
film thickness which contributes to the fluorescence of PbS
NPs (Fig. 11b). With films of PbS NPs deposited on a
copper sheet, the fluorescence of the PbS particles is
completely quenched until the film density is about
0.1 mg cm-2 or greater (Fig. 11c). As noted by Guo
(2008), substrates are known to play an active role in the
fluorescence of semiconductor nanoparticles. Metal
surfaces are known to have a quenching effect on nano-
particle fluorescence signals (Ganesh et al. 2008; Matsuda
et al. 2008). The quenching of the fluorescence is probably
due to energy transfer from the PbS NPs to the metal
substrate resulting in a diminished emission (Dulkeith et al.
2001, 2002). Above 0.1 mg cm-2, the fluorescence of the
PbS NPs on the copper sheet can be detected and the
intensity of the fluorescence continues to increase up to
0.54 mg cm-2. For PbS NPs in contact with a conductive
metal such as copper, the effective range of the quenching
effect is about 0.1 mg cm-2.
Energy transfer
Energy transfer between semiconductor nanoparticles of
difference sizes is of current interest and more under-
standing of this phenomenon is needed (Stephen et al.
2007). Most energy transfer studies are done in composites
using solvent evaporation or crude deposition processes
(Kagen et al. 1996; Stephen et al. 2007). In this study, we
used the CMD method to deposit a mixture of two different
sizes of PbS NPs (2.7 and 4.8 nm) on PET. The particles
were deposited individually to determine the initial inten-
sity of each size of PbS NPs separately. The two size
particles were then mixed and deposited as a mixed film.
The fluorescence spectra for these samples are given in
Fig. 12. The individually deposited particles have an
intensity ratio of 1 (2.7 nm):1.3 (4.8 nm). In the mixed
nanoparticle film, the fluorescence peak of the 2.7 nm QDs
decreased and the peak for the 4.8 nm QDs increased.
Obviously, energy transfer occurred between the PbS QDs
with different sizes, the small dots (2.7 nm) serving as
energy donors and the large ones (4.8 nm) as acceptors.
This energy transfer resulted in a new emission intensity
ratio of 1 (2.7 nm):3 (4.8 nm) as shown in Fig. 12.
The energy transfer between PbS NPs appears to depend
on the concentration per cm2 of the film prepared by the
CDM method. Figure 13 shows two cases, one sample with
a mixed PbS nanoparticles (2.7 and 4.8 nm) at
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Fig. 11 a Optical images of PET with increasing coverage of PbS
QDs (from left to right: 8.8 9 10-3, 44 9 10-3, and 440 9 10-3
mg cm-2, respectively. Concentration ratio = 1:5:50). Fluorescence
intensities as a function of PbS nanoparticle concentrations b on a






















Fig. 12 Fluorescence spectra of PbS QD films made of individual
and a mixed sample solutions with 2.7 and 4.8 nm QDs
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samples were prepared from the same mixed solution. As
shown in Fig. 13a, the fluorescence peak ratio for sample 1
is about 1 (2.7 nm):1 (4.8 nm) for the 1,130 nm/1,390 nm
peaks, whereas in sample 2 this ratio is 1 (2.7 nm):8
(4.8 nm). Energy transfer from the smaller PbS particles
(2.7 nm) to the larger PbS particles (4.8 nm) appears more
efficient for the sample with more PbS NPs per square
centimeter. A more closely packed PbS NP film would
facilitate energy transfer from smaller (higher energy
bandgap) to larger (lower energy bandgap) QDs. As
expected, the absorption spectra of the two samples in the
visible and NIR regions show about the same ratio for the
two PbS NP peaks regardless of the amount deposited per
square centimeter (Fig. 13b). The peak absorbance maxima
centered around 1,000 and 1,350 nm, for 2.7 and 4.8 nm
QDs, respectively (Fig. 13b). Details about the experi-
ments performed and results obtained related to fluores-
cence resonance energy transfer (FRET) involving PbS
QDs can be found in the literature published by us previ-
ously (Wang et al. 2012).
Conclusion
A simple, fast, and straightforward centrifuge deposition
method has been developed for making uniform nanopar-
ticle films from colloidal solutions. The deposition involves
common laboratory equipment and solvents. This method
is able to deposit uniform films of different types of col-
loidal nanoparticles on a variety of substrates. The sub-
strates can be varied from flexible to rigid sheets, from flat
to rough and uneven surfaces, and from insulator to con-
ductive materials. The nanoparticle films prepared by this
method show good stability and affinity to the substrate
surfaces. The adhesion between Au and PbS is fairly good.
This CDM technique is suitable for making relatively thick
films. The thickness of the nanoparticle films can be con-
trolled by the concentration or the volume of the colloidal
nanoparticle solutions. The CDM method can also make
films of mixed nanoparticles and layered nanoparticles.
The centrifuge deposition technique appears to provide a
simple method for making uniform nanoparticle films on
different substrate surfaces for chemical and optical prop-
erty studies.
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